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(the accelerator of)

MYRRHA in a European Context

Alex C. MUELLER
National Institute for Nuclear and Particle Physics

- apologies for my limited attendence to workshop
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CNRS-IN2P3 Strategy on ADS

• While Nuclear Policy is (luckily?) a national prerogative,
France is also part of "European Context"

• In the framework of the French legislation on Nuclear Waste,
we have chosen to focus on 2 axis of research, destined to
minimize high-level toxic waste, in particular with regard to 
minor actinides (MA): 

• Accelerator-Driven Systems (ADS) deployed as second stratum 
for MA transmutation coming from present and future 
pressurized water reactors (LWR, Gen. II, Gen. III) 

• Developpement of a Thorium-based fuel cycle with view of
deployment in molten salt reactors (MSR)

• This strategy is deployed in a coherent way since more than
15 years in different scientific departments and laboratories of
CNRS. IN2P3, provides and coordinates the majority of
resources
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Elements and coherence of our scientific approach

• CNRS-IN2P3 has the ambition to be a major actor for the development 
of those ADS components in which it has expertise:

• the high-power linear accelerator (LINAC)
• the spallation target and the beam-line to it 
• the sub-critical core and the associated reactor physics

• CNRS-IN2P3 has coordinated the reference design for the ADS-linac,
has designed and supervised construction of the target of MEGAPIE, and
initiated with CEA the MUSE coupling experiment

• coordination of accelerator WP of EUROTRANS (construction and test of
critical components partly in real scale)

• construction of critical target components
• construction of the GENEPI accelerator

• CNRS considers end of 2009 as major milestone 
• conclusions of EUROTRANS and results of PIE-MEGAPIE available to the
Central Design Team (CDT) at Mol

• GUINEVERE experiment operational

• CNRS is organised for the 2012 date of the French law
• large amount of date from GUINEVERE collected and analysed
• Central Design Team's work permits to launch ADS-demonstrator MYRRHA
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National and international Collaborations

• National: 
• Priviledged Partnership with CEA or AREVA (F) within 
PDS-XADS, MEGAPIE, EUROTRANS et CDT

• "Pole Accélérateurs" CEA-DSM / CNRS-IN2P3

• International:
• Priviledged partnership with SCK-CEN Mol (B) 
• accelerators: "hard core" : INFN (I), U Frankfurt (D), IBA (B), ITN (P), 

associated with AREVA (D), ANSALDO (I),
UP Madrid (Esp), Empresarios Agrupados (Esp), UNED (Esp) 

• MEGAPIE: PSI (CH), FZK (D), ENEA(I), JAEA(JP), KAERI (Ko), DOE (US) 
•. EUROTRANS:  more than 40 partners
• CDT : 18 partners

• CNRS is thus in a strong partnership with the all actors of ADS nuclear
research in Europe, (even world-wide). Member of the steering 
committees, and work-package leader 
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A European Roadmap for DevelopingA European Roadmap for Developing
Accelerator Driven Systems (ADS)Accelerator Driven Systems (ADS)

for Nuclear Waste Incinerationfor Nuclear Waste Incineration

April 2001April 2001

The European Technical Working Group on ADSThe European Technical Working Group on ADS

Carlo Rubbia
ENEA, Italy, Chair

Hamid Ait Abderrahim
SCK-CEN, Belgium

Mikael Börnberg
VTT, Finland

Bernard Carluec
Framatome ANP, France

Guiseppe Gherardi,
ENEA, Italy

Enrique Gonzalez Romero
CIEMAT, Spain

Waclaw Gudowski
Royal Institute, Sweden

Gerhard Heusener
FZK, Germany

Helmut Leeb
Atominstitut, Austria

Werner von Lensa
FZJ, Germany

Joseph Magill
JRC, European Union

José Martinez-Val
Madrid Polytech, Spain

Stefano Monti,
ENEA, Italy

Alex C. Mueller
CNRS-IN2P3, France

Marco Napolitano
INFN, Italy

Angel Pérez-Navarro
LAESA, Spain

Massimo Salvatores
CEA, France

José Carvalho Soares
ITN Lisboa, Portugal

Jean-Baptiste Thomas
CEA, France

The European Technical Working Group (members see below) 
issued in 2001 a Roadmap for Developing ADS (see left), 
with the propasal for a 100 MWth demonstrator.

TWG: a European ADS Roadmap
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Table 2. Estimated costs (M€) for the development of a 100 MWth
accelerator driven system

            Year 2000+ 1 2 3 4 5 6 7 8 9 10 11 12 Total
    5th FP 6th FP 7th FP

Basic & Support R&D 30 90 70 10 200
Engineering Design 5 75 60 10 150

Construction 0 80 300 70 450
Fuel 0 10 120 50 180

Total 35 255 550 140 980
R&D for Dedicated Fuel 5 70 70 35 180*

* Estimated cost to 2012 for development of dedicated fuel & fuel processing

Table 2.3. Time schedule and milestones for the development of ADS technology in Europe

            Year 2000+ 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 25 30 40 50
Phase-1
XADS/XADT
Basic R&D
Choices of Options
Preliminary design
Design + Licensing
Construction
Low power testing
Full power testing
XADS Operation
XADT Conversion
XADT Operation
Phase-2
Prototype ADT
Basic R&D
Constr., Operation
Phase-3

Industr. Application

Roadmap for the 100 MWth
demonstrator (left) and
budget estimates (below).

A TWG subgroup 
elaborated the project 
PDS-XADS (see next 
slide) which was 
funded by the EU.

TWG Report: Roadmap & Cost estimate
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FP5 PDSFP5 PDS--XADS*: XADS*: WorkingWorking PackagesPackages
WP 2 :Safety

WP 1
Global Coherency

WP 2.1
Safety Goals,

Bases and
Acceptance Criteria

WP 2.2
Safety Issues,

Phenomenology
and methodology

WP 2.3
Preliminary Safety

Analysis,
Assessment and

Management

Design of Main Components

WP 4.1 & 4.2
Core Design

WP 5.1 & 5.2
System Integration

WP 4.3
Target Unit System

Design

WP 3
Accelerator

WP 5.3
Small-Scale XADS

A collaboration between Industrial Partners
and Research Organisations

F: Framatome-F CNRS CEA 
I: Ansaldo INFN ENEA CRS4   
RFA: Framatome-D FZK FZJ UFra
Esp: CIEMAT Empresarios UPM  
B: SCK IBA Tractebel
UK: NNC BNFL
Pt: ITN 
S: KTH 
Sui: PSI  
Pl: UMM  
NL: NRJ  
Eur: JRC
coordinateur général : Framatome (B.Carluec, B.Giraud)
coordinateur accélérateurs: CNRS-IN2P3 (A.C. Mueller)

*Contract N° FIKW-CT-2001-00179 (2001-2004)
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TRANSMUTATION (6.5 MEuro)
Basic Studies:

MUSE
HINDAS

N-TOF_ND_ADS

TRANSMUTATION (7.2 MEuro)
Technological Support:

SPIRE
TECLA

MEGAPIE - TEST

PARTITIONING (5 MEuro)
PYROREP
PARTNEW

CALIXPART

TRANSMUTATION (3.9 MEuro)
Fuels:

CONFIRM
THORIUM CYCLE

FUTURE

TRANSMUTATION (6 MEuro)
Pre liminary Design Studies
for an Experimenta l ADS:

PDS-XADS

Projects on ADvanced Options for
Partitioning and Transmutation (ADOPTADOPT)

2001-2004: PDS-XADS as central P&T project
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2006: Succes of the Megapie experiment at PSI
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WP3 partners
– Coordinator:  CNRS-IN2P3 (F)
– Participants:  Ansaldo (I), CEA (F), ENEA (I), FANP (F), F GmbH (D), 

IBA (B), INFN (D ), ITN (Pt), U. Frankfurt (D)

Main WP3 objectives
– Investigation of linac and cyclotron types with the main emphasis on the XADS

requirements
– Examination of the XADS accelerator characteristics: reliability, availability, 

stability, power control & maintainability
– Definition of the R&D needs
– Choice of the reference accelerator type for XADS and for a long-term 

extrapolated industrial transmuter
– Definition of the road mapping of the ADS-class accelerators

6 Deliverables 
– D9 – D47 – D48 – D57 – D63 – D80

The PDS-XADS Accelerator Group (WP3)
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Proton Beam Specifications
– Defined by WP1
– 600 MeV, 6 mA max. for 

operation
– 10 mA for the demonstration

of concept
– 350 MeV for the smaller scale

XADS MYRRHA 
– High reliability requirement: 

less than 5 beam trips > 1 sec 
per year

Additional requirements
– 200 µs beam « holes » for on-

line sub-criticality
measurements

– Safety grade shutdown

200µs
I

t

I0
200µs 200µs

1s 1s

0

XADS Accelerator Requirements
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Spallation makes secondary particles for many domains
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  Puissance Énergie 
  [MW] [GeV] 
Faisceaux secondaires Neutrinos, muons 4 2 

Ions radioactifs avec des protons 
avec des neutrons 

.2 
5 

>.2 
1 

Irradiation des matériaux par spallation 
par break-up ("IFMIF") 

10 
2 × 5.4 

1 
.04 

Matière condensée avec des neutrons 5 1.3 

Transmutation Démo 100 MW thermique 
Système industriel 

5 
10 à 20 

.6 
.8 à 1 

Specifications for different HPPA

≈ 1

HPPA = High Power Proton Accelerator
>1
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une "multi-purpose" Facility

HPPA under Construction/commissioning: J-PARC
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J-PARC
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A second brand-new HPPA:  SNS

SNS at Oak-Ridge, beam since2006
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SNS
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Main technical answers
– Superconducting linac

• No limitation in energy & in intensity
• Highly modular and upgradeable (industrial transmuter)
• Excellent potential for reliability (fault-tolerance)
• High efficiency (optimized operation cost)

– Cyclotron 
• Attractive (construction) cost (?)
• Required parameters at limits of feasibility ("dream machine")
• Compact, but therefore not modular

In complete agreement with findings of the NEA report:
– Cyclotrons of the PSI type should be considered as the natural and cost-

effective choice for preliminary low power experiments, where 
availability and reliability requirements are less stringent.

– CW linear accelerators must be chosen for demonstrators and full
scale plants, because of their potentiality, once properly designed, in term
of availability, reliability and power upgrading capability.

Choice of the Generic Accelerator Type
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Superconducting Superconducting linaclinac: : Highly modular and upgradeable (same concept Highly modular and upgradeable (same concept 
for prototype & industrial scale) ; Excellent potential for relifor prototype & industrial scale) ; Excellent potential for reliability ; ability ; 
High efficiency (optimized operation cost)High efficiency (optimized operation cost)

PPDDSS--XXAADDSS    

ADS accelerator reference scheme
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Assessments using the  « Failure
Modes and Effects Analysis »

(FMEA) method

Reliability engineering is a discipline 
for estimating, predicting and 
controlling the probability of
occurrence of system faults

Technical design 

Reliability studies: 
MTBF, MTTR, A, R, etc. 

System design  
Design Review 

Data sources  
(MTBF, MTTR) 

 Benchmarks based on other experiences  
 

ITERATIVE 
PROCESS 

 

Reliability Block 
Diagram (RBD) 

Failure Modes and Effects 
Analysis (FMEA / FMECA) 
Fault Tree Analysis (FTA) 

Reliability Analysis
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Need to have linac design that can handle the loss of one or several cavities

The modularity of our LINAC makes this possible because we have
INDEPENDENTLY PHASED structures

We need to find procedure that use the neighbouring cavities to 
compensate phase/energy beam offset

These procedures should then be integrated in RF control system

Cavity #n is faulty

Cavities #n-2, #n-1, #n+1, #n+2 are retuned to recover the nominal beam energy & phase at point M

M

Optimisation of Accelerator Reliability for ADSOptimisation of Accelerator Reliability for ADS
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-- EURopeanEURopean research programme for the research programme for the 
TRANSmutationTRANSmutation of high level nuclear of high level nuclear 
waste in an Accelerator Driven Systemwaste in an Accelerator Driven System

-- EU FP6 EU FP6 programmeprogramme (2005(2005--2009) 2009) 

-- 31 31 researchresearch agenciesagencies & & industriesindustries, 16 , 16 
universitiesuniversities

-- ExpandsExpands the EU FP5 project PDSthe EU FP5 project PDS--XADS XADS 
(2001(2001--2004)2004)

-- 5 5 DomainsDomains (DM1=Design, ...) (DM1=Design, ...) 

Main GOAL of the EUROTRANS programmeMain GOAL of the EUROTRANS programme

-- Advanced design of a 50Advanced design of a 50--100 100 MWthMWth eXperimentaleXperimental facility demonstrating the technical facility demonstrating the technical 
feasibility of Transmutation on an ADS feasibility of Transmutation on an ADS (XT(XT--ADS, shortADS, short--term realisation)term realisation)

-- Generic conceptual design (several 100 Generic conceptual design (several 100 MWthMWth) of a European Facility for Industrial ) of a European Facility for Industrial 
Transmutation Transmutation (EFIT, long(EFIT, long--term realisation)term realisation)

After "XADS" (FP5) EUROTRANS in FP7
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1. XT1. XT--ADS (ADS prototype)ADS (ADS prototype)

-- GoalsGoals::

-- DemonstrateDemonstrate the the conceptconcept
((couplingcoupling betweenbetween acceleratoraccelerator, , 
spallation target & spallation target & reactorreactor), ), 

-- DemonstrateDemonstrate the the transmutationtransmutation

-- ProvideProvide anan irradiationirradiation facilityfacility
and and anan EFIT test EFIT test benchbench

-- FeaturesFeatures::

-- 5050--100 100 MWthMWth powerpower

-- KeffKeff aroundaround 0.950.95

-- 600 600 MeVMeV, 2.5 , 2.5 mAmA protonproton beambeam
(or 350 (or 350 MeVMeV, 5 , 5 mAmA))

-- ConventionalConventional MOX MOX fuelfuel

-- LeadLead--BismuthBismuth EutecticEutectic coolantcoolant

2. EFIT (Industrial Transmuter)2. EFIT (Industrial Transmuter)

-- GoalsGoals::

-- Maximise the Maximise the transmutationtransmutation
efficiencyefficiency

-- EasinessEasiness ofof operationoperation and and 
maintenancemaintenance

-- High High levellevel ofof availabilityavailability forfor a a 
costcost--effectiveeffective transmutationtransmutation

-- FeaturesFeatures::

-- SeveralSeveral 100 100 MWthMWth powerpower

-- KeffKeff aroundaround 0.970.97

-- 800 800 MeVMeV, 20 , 20 mAmA protonproton beambeam

-- Minor Minor ActinideActinide fuelfuel

-- LeadLead coolantcoolant (gas (gas asas backback--up up 
solutionsolution))

European Transmutation Demonstration
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Extrememely high reliability is required !!!

High-power proton CW beams

Accelerator main specifications
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Reliability-oriented accelerator tasks

-- Task nTask n°°1 1 : : Experimental evaluation of the Experimental evaluation of the proton injectorproton injector reliabilityreliability

-- Task nTask n°°2 2 : : Assessment of the reliability performances of the Assessment of the reliability performances of the intermediateintermediate--energyenergy
acceleration componentsacceleration components

-- Task nTask n°°3 3 : : Qualification of the reliability performances of a Qualification of the reliability performances of a highhigh--energyenergy
cryomodulecryomodule at full power and nominal temperatureat full power and nominal temperature

-- Task nTask n°°4 4 : : Design of a prototypical Design of a prototypical RF control systemRF control system for faultfor fault--tolerant operation tolerant operation 
of the linear acceleratorof the linear accelerator

-- Task nTask n°°5 5 : : Overall coherence of the Overall coherence of the accelerator designaccelerator design, final reliability analysis, , final reliability analysis, 
cost estimation for XTcost estimation for XT--ADS & EFITADS & EFIT
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-- SILHI Source operational (100 SILHI Source operational (100 mAmA, 95 kV), 95 kV)

-- Fabrication / installation of RFQ & beam line in progressFabrication / installation of RFQ & beam line in progress

-- Successful tests of short beam holes production for subSuccessful tests of short beam holes production for sub--
criticality monitoring (25us fall & rise time)criticality monitoring (25us fall & rise time)

Final PURPOSE => Real scale long reliability test runFinal PURPOSE => Real scale long reliability test run

The 3 The 3 MeVMeV beam will be continuously operated over a beam will be continuously operated over a 
period of 2 months with beam intensity 20period of 2 months with beam intensity 20--40 40 mAmA

80 mA - 85 kV pulsed beam (300µs/200ms)
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Trigger

The IPHI final The IPHI final beambeam lineline
The IPHI RFQ section nThe IPHI RFQ section n°°11

Task 1 – IPHI injector reliability test
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Intermediate Energy Section
(3/5 MeV -> 100 MeV)

2 main types of structures are evaluated2 main types of structures are evaluated
-- MultiMulti--gap H structuresgap H structures (front end) (front end) 

-- Superconducting spoke cavitiesSuperconducting spoke cavities (independently(independently--phased phased linaclinac))

Task 2 - Intermediate-energy
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Design, fabrication & test of an elliptical module at Design, fabrication & test of an elliptical module at 
nominal power & temperaturenominal power & temperature

-- ββ =0.47 prototype constructed and tested=0.47 prototype constructed and tested

-- Vessel & valve box nearly ready to be orderedVessel & valve box nearly ready to be ordered

-- CW CW RF power coupler under final design RF power coupler under final design 

-- 700 MHz RF 80 kW power source received700 MHz RF 80 kW power source received

Task 3 – High-energy Cryomodule
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FaultFault--tolerance = ability to loose a RF cavity (or Qtolerance = ability to loose a RF cavity (or Q--pole) without loosing the beam pole) without loosing the beam 

-- Based on a fast localBased on a fast local compensation method, compensation method, possible thanks to the independentlypossible thanks to the independently--phased phased linaclinac

-- TwoTwo fast failure recovery scenarios (<< 1 sec) fast failure recovery scenarios (<< 1 sec) have been identified have been identified 
& checked on the beam dynamics point of view, both based on:& checked on the beam dynamics point of view, both based on:

-- Fast fault detection Fast fault detection 

-- Fast update and tracking of the field/phase setFast update and tracking of the field/phase set--points (preset)points (preset)

-- Adequate management of the tuner of the failed cavity Adequate management of the tuner of the failed cavity 

-- Requires up to 30% Requires up to 30% marginsmargins on RF fields and powerson RF fields and powers

-- Requires the use of Requires the use of digital LLRF control systemsdigital LLRF control systems

-- Heavy R&D onHeavy R&D on--going on this topicgoing on this topic

Note Note --> Fault recovery system> Fault recovery system in real operation at the SNS SC in real operation at the SNS SC linaclinac (US)(US)
(global compensation method, (global compensation method, ““highhigh”” energies, energies, ““slowslow”” retuning)retuning)

JJ--L. BIARROTTE, ICENES 2007, 04L. BIARROTTE, ICENES 2007, 04--08 June 2007, Istanbul, Turkey08 June 2007, Istanbul, Turkey. . 

Task 4 – RF Control System
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GOAL =>GOAL => Reach an Reach an ““as much as possibleas much as possible”” frozen design frozen design 
with assessed reliability figure and costing in 2009with assessed reliability figure and costing in 2009

BeamBeam dynamicsdynamics simulationssimulations

=> The “less than a few 
beam trips per year”

goal is REACHABLE

PreliminaryPreliminary reliabilityreliability analysisanalysisXTXT--ADS ADS costcost parametricparametric studystudy

Task 5a – Accelerator conceptual design
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-- Design of the final beam transport line with shieldingDesign of the final beam transport line with shielding

-- Connects the Connects the linaclinac to the LBE spallation targetto the LBE spallation target

-- Guarantees the position of the beam spot and ensures Guarantees the position of the beam spot and ensures 
that only particles of nominal energy are delivered that only particles of nominal energy are delivered 
(doubly(doubly--achromatic line)achromatic line)

-- Guarantees the shape and required distribution at the Guarantees the shape and required distribution at the 
target (redundant beam scanning)target (redundant beam scanning)

+ Analysis of beam transients effect on fuel and target+ Analysis of beam transients effect on fuel and target

+ Investigations on Control/Command general philosophy+ Investigations on Control/Command general philosophy

Task 5b – Interface with the reactor (or user!)
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1990 2010

Physics with Radioactive Ion Beams: Reactions &  Rates
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Next generation of RIB facilities should aim at intensities 1000 times 
higher than in the facilities presently running or at the commissioning stage.

Two truly complementary facilities based respectively
on the « In flight and Isol » methods are needed to cover

the foreseen physics issues.And they should be second to none world-wide

Conclusions of the NuPECC Working group on the
“Next Generation European Radioactive Ion Beam 
Facilities in Europe“ (April 2000)
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Ιsecondary = σproduction Ntarget Ιbeam
x εrelease – transport
x εionization
x εtransport - storage - post-acceleration

Isecondary/Itotal

Secondary beam intensity:

Pureness of the secondary beam:

Event rate:

Icounts(reaction) = Isecondary ηbranching σreaction Nsecondary target
x εspectrometer
x εdetector

Icounts(decay) = Isecondary ηbranching
x εdetector

Peak to background: Rresolving power
(suppression of background, identification of 
events)

Figures of Merit (in first order approximation)
Transparency borrowed from P. van Duppen
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FAIR : The  2nd generation in-flight facility
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European Separator On-Line
Radioactive Nuclear Beam Facility

Triumf ISAC-II

SPIRAL - 2

SPES
REX-ISO

LDE

M
A

FF

On the road towards EURISOL:
upgrades and new comers (ISOL-based)

again from
Piet van Duppen
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Brussels, 19 October 2006
European Research
Infrastructures –
The ESFRI roadmap identifies 
35 large-scale infrastructure 
projects 

FAIR & SPIRAL 2 on the ESFRI list
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SPIRAL 2@GANIL SPIRAL 2@GANIL –– Next generation of ISOL Facility Next generation of ISOL Facility 

Super conducting LINAC

40MeV d ,5mA ,14MeV/n HI

Production building
C converter +UCx target
≤ 1014 fissions/s

GANIL facility

LIRAT 

Stable Heavy-Ion 
Exp. Hall

Heavy-Ion ECR 
source (A/q=3), 1mA

Heavy-Ion ECR 
source (A/q=3), 1mA

CIME Cyclotron
Acceleration of RI Beams 

E < 25 MeV/n, 6-8 MeV/n for FF

CIME Cyclotron
Acceleration of RI Beams 

E < 25 MeV/n, 6-8 MeV/n for FF

RFQ

1+

A/q=6 Later

DESIR
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SPIRAL 2 Schedule

2006     2007     2008     2009     2010     2011    2012    2013    2014    2015    2016    

Building
construction

Safety
authorizations

Construction
of LINAG

Under discussion

Reference Planning

Stable ion beams from LINAG

RIB
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EURISOLEURISOL
1 GeV protons,HI

ISOL
150 A.MeV

G S IG S I
fragmentation
1000 A.MeV

SPIRALSPIRAL
ISOL

25 A.MeV

Rex Rex 
ISOLDEISOLDE
ISOL

3 
A.MeV

SPIRAL 2SPIRAL 2
ISOL

1 to 20 A.MeV

HIE HIE 
ISOLDEISOLDE
ISOL

>3 A.MeV

European RNB Facilities - Road Map

2000

2005

2015

Running
Projects Under Construction Design Study

2010 SPESSPES
ISOL
5 A.MeV

LouvainLouvain
ISOL
1-3 

A.MeV

FAIRFAIR
fragmentation
200 to 1500 A.MeV

EURISOL EURISOL 
DS 6FPDS 6FP

1 GeV protons
ISOL

100 A.MeV

ALTO 
Orsay

Photofission
1011f/s

from Sydney GALES
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up to 4.3 MeV/u

REX-ISOLDE at CERN
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Last, but not least:

Do not forget the phantastic need for Nuclear
Education with hands-on experience !

and thank you for your attention


